Plasma-facing and high heat flux materials in a fusion reactor suffer two types of damage: displacement damage caused mainly by highenergy neutrons and surface damage, such as erosion, sputtering, and blistering, caused by hydrogen and helium plasma. Usually, these two kinds of damage are investigated separately. In the present study, multiplier effects of helium plasma and neutron irradiation on microstructural evolution in tungsten were investigated using computer simulations based on a rate theory. Neutron irradiation with 10 À6 dpaÁs À1 at 873 K and a helium flux of 10 18 m À2 Ás À1 with 10-keV energy were used as typical irradiation conditions. The effects of irradiation temperature and defect production rate on the interaction between helium and defects were also investigated. The simulation results revealed the rapid diffusion of helium in tungsten. The helium concentration was saturated in tungsten 0.067 mm thick within 0.01 s at 873 K, and the formation of heliumvacancy clusters was nearly uniform in the matrix except at the surfaces facing towards and away from the irradiation after 0.01 s. This meant that the 10-keV helium plasma could enhance formation of helium-vacancy clusters in the region without damage produced by helium. The concentration of 6He-V clusters reached a very high level (10 À6 ) even after a 1-s irradiation with a defect production rate of 10 À6 dpaÁs À1 at 873 K. The concentration of helium-vacancy clusters decreased with increasing irradiation temperature and decreasing defect production rate. The accumulation of helium and the formation of helium-vacancy clusters depended on not only the vacancy concentration, which was determined by the irradiation temperature and defect production rate, and helium concentrations, but also irradiation time.
Introduction
In a fusion reactor, plasma-facing materials (PFMs) must withstand the damage produced by hydrogen and helium at up to 10 keV of energy and heat loads from the plasma, in addition, the neutrons with high energy, high flux and high fluence similar to the structural components. Important criteria for choosing PFMs are a high melting point, high thermal conductivity and low sputtering erosion. Tungsten, molybdenum (high-Z materials), carbon, carbon fiber composites and beryllium (low-Z materials) have been selected as PFMs because they have outstanding thermal properties and erosion resistance. The erosion induced by the plasma in high-Z materials, especially tungsten, is considerably lower than that in low-Z materials, although a disadvantage of high-Z materials is a far lower tolerable impurity concentration within the plasma, 1) where the radiative power loss of the plasma is proportional to the square of the charge number of impurity ions.
The peak depth of displacement damage induced by injection of particles of hydrogen and helium with 10 keV in tungsten or molybdenum is about 10-20 nm according to the TRIM code.
2) In addition to high concentrations of hydrogen and helium, high densities of interstitials and vacancies are produced in the near surface of PFMs. The binding energy between a gas atom and a vacancy is very high. For example, the binding energy of a hydrogen-vacancy pair is 1.07 eV in molybdenum and 1.16 eV in tungsten, 3) while that of a helium-vacancy pair is 3.1 eV 4) in molybdenum and 4.15 eV in tungsten. 5) Thus, hydrogen or helium is trapped by vacancies to form high-density hydrogen or helium bubbles at low temperature. But, hydrogen and helium bubbles grow easily at high temperature, and this leads to blisters on the surface, which is one form of erosion. In addition, a vacancy can trap more than one gas atom. The binding energy of a gas atom-vacancy pair decreases as the number of gas atoms increases. 6) Our experimental results showed that surface hardness increased upon helium ion irradiation, which was caused by the formation of interstitial-type dislocation loops and helium bubbles, not only at low temperature but also at high temperature. Upon irradiation with 10-keV helium ions to 1 Â 10 22 m À2 , the hardness of tungsten increased threefold at 300 K and about 1.5 fold at 873 K. 7) Mechanical properties of the bulk were influenced as well, even under irradiation using 8-keV helium ions. The stress increased and ductility decreased in molybdenum specimens upon irradiation with 8-keV ions at 300 K to 5 Â 10 21 m À2 . 8) This suggested that even 8-keV helium ion irradiation could affect the mechanical properties of the bulk. The migration energy of helium in metals is very low. SIMS detected helium at a depth of more than 140 nm from the surface in tungsten after 8-keV helium ion irradiation at 300 K, 9) where the damage peak was about 10 nm.
Irradiation damage in PFMs has only been considered at the near surface so far. Since the diffusion coefficients of hydrogen and helium are high and the binding energies with vacancies are large, it is important to investigate the interaction between hydrogen or helium and defects formed by neutron irradiation at depths of more than 10-20 nm, where defects cannot be produced by hydrogen and helium at 10 keV. In the present work, we studied damage evolution in a tungsten matrix under helium and neutron irradiation. We selected this particular system because tungsten is a prime candidate for a high-Z PFM, and the binding energy of a helium-vacancy pair is higher than that of a hydrogenvacancy pair.
Outline of the Model
The damage due to neutron irradiation and the effect of helium produced by the plasma were considered simultaneously in the present simulations. Although a large number of bubbles and interstitial-type dislocation loops were formed at the near surface by low-energy helium ion irradiation, we omitted defects produced by helium ions. Our main purpose in this study was to investigate the interaction between helium and point defects and their clusters in the matrix. The defect clusters formed at the near surface act as effective sinks for point defects and helium instead of the surface. Thus, these defect clusters do not affect the defect structural evolution in the matrix. Under the initial simulation conditions, in contrast to the uniform damage produced by neutron irradiation, the helium distribution had a rectangular shape with its center at 15 nm from the plasma facing surface and a width of 10 nm. Helium, interstitials, and vacancies could migrate freely in the matrix, and their concentrations at the surfaces facing towards and away from the irradiation were zero during the simulation. The changes of point defects, defect clusters and helium concentrations were calculated using the dynamic rate theory with the following assumptions:
(1) Only helium, interstitials, and vacancies are mobile.
(2) Maximal number of helium atoms absorbed by a vacancy is six. (3) Thermal dissociation is only considered in heliuminterstitial clusters. (4) Effects of cascade collisions, such as inhomogeneous defect production and spontaneous cluster formation, are not included. In addition, in order to elucidate the main defect reactions dominating microstructural evolution, the formation of vacancy clusters is omitted in the present study since the formation probability of vacancy clusters is smaller than that of interstitial clusters in the initial stage of irradiation.
Throughout this paper, the concentrations are fractional units. The concentrations of interstitials, vacancies, helium and helium-vacancy clusters can be expressed as:
where P is the production rate of Frenkel pairs, and D is the diffusion coefficient of point defects or helium. M I , M V and M He are the mobility of interstitials, vacancies and helium, respectively, which is related to the migration activation energy E m by expðÀE m =kTÞ, where is the jump frequency. The values of D equal those of M. Z is the site numbers of the spontaneous reaction of each process. The first term on the right-hand side of eq. (1) is the production rate of interstitials. The second term represents the diffusion of interstitials. The third term is the interaction between the interstitial and helium. The fourth term is the mutual annihilation of interstitials and vacancies. The fifth term pertains to the formation of a di-interstitials, which is the nucleus of an interstitial-type dislocation loop. The sixth and seventh terms represent the interstitials absorbed by interstitial-type dislocation loops and permanent sinks, such as pre-existing dislocations and grain boundaries, respectively. C Si is the concentration of permanent sinks for interstitials. C L and C Li are the concentrations of dislocation loops and of interstitials already absorbed by dislocation loops, respectively. They are expressed as:
The eighth term is the reaction of interstitials and heliumvacancy clusters. The fifth term in eq. (2) pertains to the formation of a helium-vacancy cluster; the other terms are similar to those in eq. (1). In eq. (3), the first term is the helium production rate, which is only produced at a certain depth. It is expressed as: The last two terms are helium emission from heliuminterstitial clusters by absorption of vacancies and thermal emission from helium-interstitial clusters. The probability of dissociation EMIT Hei is related to the dissociation energy E emit by expðÀE emit =kTÞ. Equations (4) and (5) are typical of the concentration of helium-vacancy clusters. The first term in eq. (4) represents the formation of 2He-V clusters from He-V clusters by the absorption of a helium atom. The second and third terms pertain to the extinction of 2He-V clusters to emit helium or form 3He-V clusters by absorbing interstitials and helium, respectively. The parameters used in the present simulations are listed in Table 1 , where we assumed the interstitial migration energy to be 0.15 eV higher than 0.054 eV, the value obtained by Dausinger, 11) since the purity of tungsten used in the fusion reactor would be low. There was little data on the dissociation energy of heliuminterstitial pairs; it was assumed to be 0.5 eV lower than 1.93 eV, the dissociation energy of a helium atom and dislocation. 12) As described above, both the helium and the interstitial and vacancy concentrations in the matrix are nonuniform since the helium diffusion and binding energies with interstitials and vacancies are very high in the tungsten matrix. In order to solve this problem, the tungsten matrix was divided into fifty parts, in each of which the helium, interstitial and vacancy concentrations were uniform. Numerical analysis of the differential equations pertaining each part was performed simultaneously using the Gear method. 13) To increase calculation accuracy and decrease calculation time, the thickness of the sample was selected to be about 0.067 mm, which is roughly the thickness of a typical sample for transmission electron microscopy.
Results and Discussion

Effects of helium on formation of defect clusters
First, the diffusion of helium in defect-free tungsten is discussed. Figure 1 shows the time dependence of helium diffusion in tungsten at 873 K. The helium production rate was 1:6 Â 10 À3 s À1 with the center at 15 nm and 10 nm in width, which corresponded to a helium flux of 10 18 m À2 Ás À1 . The diffusion of helium was rapid. The concentration of helium decreased with increasing depth, and the distribution of helium was saturated after 0.01 s. Figure 2 shows the variation in helium concentration in the tungsten matrix at 873 K with a defect production rate of 1 Â 10 À6 dpaÁs À1 under simultaneous helium and neutron irradiation. With elapsed irradiation time, the helium concentration in the bulk of the matrix increased. During the first 0.01 s, the change in helium concentration was identical to that observed for helium diffusion in a perfect tungsten matrix (Fig. 1) . This indicated that the increase in helium concentration in the bulk of the matrix was independent of the damage produced by neutron irradiation over a period of 0.01 s, and was entirely due to the helium diffusion. With increasing irradiation time, the helium concentration increased due to neutron irradiation, reaching 2 Â 10 À10 after 1 s. There was no difference in the helium concentration in the matrix except at the surfaces facing towards and away from the irradiation after 0.1 s. The decrease in the surface concentration of helium was induced by the diffusion of helium to the surface sink. Figures 3 and 4 show the changes in interstitial and vacancy concentrations in the matrix. In contrast to the case of helium, the generation of interstitials and vacancies in the matrix was uniform. The concentrations of interstitials and vacancies were independent of depth in the matrix except at the two surfaces. Although the dissociation energy of a helium-interstitial pair is 0.5 eV, helium could not be trapped by interstitials at the high temperature of 873 K. It could, however, be trapped by vacancies. With increasing irradi- 
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ation time, the vacancy concentration increased. The interstitial concentration also increased, but it decreased after 0.01 s of irradiation. The formation of interstitial-type dislocation loops, which is described below, induced a decrease in the interstitial concentration. Interstitial-type dislocation loops absorbed interstitials and grew. Compared with the bulk of the matrix, the interstitial concentration at the surface was lower since interstitials easily diffused to surface sinks, whereas the vacancy concentration was higher at the surface than in the bulk, especially for irradiation times longer than 10 À3 s. The increase in vacancy concentration was caused by the low diffusion of vacancies (due to the high migration energy of a vacancy: 1.4 eV) and the decrease in recombination with interstitials. In addition, after 1 s of irradiation, the interstitial concentration near the surface was higher than that in the matrix. Next, the reason for the interstitial concentration increase is discussed.
The concentration of interstitial-type dislocation loops increased with irradiation time, as shown in Fig. 5 , and was saturated after 0.1 s of irradiation. Saturation of the loop concentration indicated the change from nucleation to growth of interstitial-type dislocation loops between 0.1 to 1 s of irradiation. As described in eqs. (6) and (7), the nucleation of interstitial-type dislocation loops is proportional to the square of the interstitial concentration C i , while their growth increases with the difference between M i C i and M v C v . The interstitial concentration was higher at the surface than in the bulk of the matrix at irradiation times shorter than 0.1 s, but the vacancy concentration near the surface was higher. Thus, the difference between M i C i and M v C v was smaller at the surface than in the bulk of the matrix, which induced an increase in interstitial concentration at the surface for a 1-s irradiation.
Figures 6 and 7 show the variation with irradiation time of the concentration of typical helium-vacancy clusters, i.e., He-V and 6He-V clusters. As shown in Fig. 2 , since helium could not diffuse to surface away from the irradiation before 0.01 s, the concentration of helium-vacancy clusters decreased with increasing depth except for the concentration of 6He-V clusters near the surface away from the irradiation after 0.01 s of irradiation, as shown in Fig. 7 . The concentration of helium-vacancy clusters decreased as the number of helium atoms increased. The high concentration of 6He-V clusters near the surface away from the irradiation after 0.01 s of irradiation is thought to be because the vacancy concentration was higher at the surface and the concentration of heliumvacancy clusters increased with vacancy concentration. After irradiation for 0.1 and 1 s, the distribution of the heliumvacancy concentration from He-V to 5He-V was almost the same. This meant that there was enough helium and vacancies in the matrix to nucleate and grow helium-vacancy clusters, and a high concentration of 6He-V clusters accumulated as a result. After 1 s, the concentration of 6He-V clusters was 1 Â 10 À6 , about three orders of magnitude higher than that of other helium-vacancy clusters. It also meant that nearly all of the vacancies and helium combined to form 6He-V clusters because the vacancy production was 1 Â 10 À6 dpaÁs À1 and average helium production was 1 Â 10 À6 . It is thought that the high concentration of 6He-V clusters is a helium source from the reaction between interstitials and 6He-V clusters, and helium emission from this reaction increases the helium concentration as shown in Fig. 2 .
The irradiation time dependence of defects and helium concentrations in the matrix is summarized in Fig. 8 , which is the typical variation in concentration of point defects and defect clusters in the center of the tungsten matrix. Clearly, the concentrations of interstitials and vacancies were not saturated even after irradiation for 1 s; neither was the concentration of 6He-V clusters. On the other hand, the concentrations of interstitial-type dislocation loops, helium, and 1-5He-V clusters were saturated after 1 s.
3.2 Effects of defect production rate on formation of defect clusters The defect production rate and irradiation temperature are two important factors influencing microstructural evolution. Thus, they also affect the interaction between defects and helium. The effects of defect production rate and irradiation temperature on the formation of defect clusters are discussed in this and the next section, respectively. Figure 9 shows the irradiation time dependence of helium distribution in tungsten at 873 K with a defect production rate of 1 Â 10 À8 dpaÁs À1 , which was two orders of magnitude lower than that shown in Fig. 2 . As can be seen in Fig. 2 , the helium concentration was determined by the helium diffusion under 0.01 s, and then affected by neutron irradiation over 0.01 s. Thus, we only notice the difference in Figs. 2 and 9 for times longer than 0.01 s. The helium concentration after 0.01 s of irradiation was lower than that under a high defect production rate (see Fig. 2 ). As shown in Figs. 8 and 10 , the interstitial and vacancy concentrations under low defect production rate were almost two orders of magnitude lower than those under high defect production rate for the same irradiation time. A low vacancy concentration induced low concentrations of helium-vacancy clusters. Conversely, the concentrations of helium-vacancy clusters in Fig. 10 were higher than those in Fig. 8 at the same irradiation dose since the accumulation of helium-vacancy clusters was also determined by irradiation time. Figure 11 shows the time dependence of helium distribution in tungsten at 1073 K irradiated with a defect production rate of 1 Â 10 À6 dpaÁs À1 . Compared with the irradiation at 873 K shown in Fig. 2 , the helium concentration was lower after 0.01 s of irradiation. The vacancy concentration was lower in the case of irradiation at 1073 K than at 873 K (see Fig. 12 ) since vacancy mobility increased with temperature. However, the interstitial concentration was almost the same in the two cases because the interstitial migration energy is low (0.15 eV). The low vacancy concentration led to a low concentration of helium-vacancy clusters, and a low helium emission rate from the interaction of interstitials and 6He-V clusters. 
Effects of irradiation temperature on formation of defect clusters
Conclusion
To estimate the effect of helium plasma on the microstructural evolution induced by neutron irradiation, computer simulations based on the rate theory considering both helium and defect diffusions were performed. Helium diffusion in tungsten 0.067 mm thick only needed 0.01 s to reach saturation at 873 K. The concentration of helium-vacancy clusters of the type 6He-V was uniform in the matrix and increased up to 10 À6 even after 1 s of irradiation. The formation of helium-vacancy clusters, such as 6He-V, was mainly determined by the vacancy concentration, which depended on the irradiation time and temperature, defect production rate, and helium concentration. The helium concentration depended on helium diffusion during the initial stage of irradiation, and subsequently, on the emission of helium by the interaction of interstitials and heliumvacancy clusters. 
